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Introduction
Creation of polymeric nanocomposites based on the polymers of structural designation is a relevant task at present. Of great interest in obtaining the polymeric nanocomposites is montmorillonite, as a nanoscale heterophase. Montmorillonite (MMT) -affordable raw material -is the main component (up to 85 %) of bentonite [1] . Montmorillonite has a special matrix structure that provides it with unique properties. In particular, in the aqueous environment the primary crystalline elements of montmorillonite are broken down into layers -nanoscale elements of the structure [2, 3] .
At the end of 80s of the twentieth century, researchers from the concern Toyota obtained the first nanocomposite based on polyamide-6 and organomodified montmorillonite [4] . This composite was distinguished by increased physical-mechanical and thermal properties. The obtained results defined the prospects for such systems and caused an intensive development of research into this field. Today, the market of the layered-silicate polymeric nanocomposites is developing in the most intensive way with a volume about USD 950 million in 2014 [5] .
The first attempts at creating composites based on polymers and aluminosilicates were made in 50s of the last century [6] . However, the introduction of approximately 40-50 % by weight of clays (bentonite, hector, etc.) did not lead to the improvement of properties of the polymeric material, first of all, because of the unsatisfactory dispersing of a silicate filler [7] . Significant progress in the creation of polymeric-silicate nanocomposites with improved physical and mechanical properties in comparison with the starting polymer and traditional dispersely-filled composites was achieved only in the 90s [8] .
Literature review and problem statement
Recently, scientists have paid much attention to the mixtures based on polypropylene (PP) and polyamide (PA), mixing of which makes it possible to reduce negative characteristics of the starting polymers [9, 10] . In particular, nonpolar polypropylene during mixing with the polar highly hydrophilic polyamide significantly reduces water absorption of the material. Consequently, the effect of moisture on the mechanical and thermal properties of composites is reduced. On the other hand, mixing PP with PA allows expanding the temperature interval of material operation at negative temperatures (temperature of PE fragility reduces) [9] . However, obtaining a homogeneous mixture of PP with PA requires the use of compatibilizers, of a complex chemical structure, as a rule, namely low-ionized PP [10] . But, in this case, the probability of chemical cross-linking of macromolecules is increased as a result of the interaction between anhydrous groups with the peptide ones.
At the same time, paper [11] reported the possibility of obtaining a homogeneous mixture of polyamide with polyvinylpyrrolidone (PVP). This mixture is characterized by a high degree of crystallinity and the higher temperature of crystallization. At the same time, mechanical strength of the material after the modification is little changed. The homogeneity of the mixture is due to the physical interaction between polyamide and PVP based on hydrogen bonds. Such interaction reduces the polarity of both polymers, resulting in the manifestation of hydrophobic fragments of the chains. Formation of such material makes it possible to mix it with the hydrophobic polymers, in particular, with polypropylene (PP), without employing compatibilizers with a complex chemical structure.
In order to achieve a substantial improvement in the properties of the polymeric material, a uniform distribution of nanoparticles of silicate must be achieved in the polymeric matrix. The largest changes in the physical-chemical properties can be expected when introducing anisometric nanoscale filler to the polymer matrix [12] . Particles of lamellar aluminosilicates, in particular, of montmorillonite, have a significant anisometry [13] .
Recently, researchers have been paying much attention to obtaining nanocomposites based on the thermoplastic polymeric matrices and a mineral high-polar aluminosilicate -montmorillonite [9, 12, 14, 15] .
In article [16] , the nanocomposites PP/montmorillonite are obtained by the intercalation of melt using a twin-screw extruder. Using a scanning electron microscope, the authors proved that MMT is dispersed evenly at the nanoscale. The test results of mechanical characteristics of such composites showed that strength at bending of the composites with a low content of MMT (2 % by weight) was higher than that of PP.
By using the method of intercalation from melt [17] , the nanocomposites PP and layered silicate Na + -montmorillonite (3 and 7 % by weight) were obtained with the polar modifier -a low-ionized PP of two types that differ in molecular weight and the content of polar groups. The modifier with low molecular weight and high content of polar groups (4 % by weight) contributes to the intercalation of PP, but it binds bad with it and worsens its thermal properties in the nanocomposite. A maximum difference between dynamic module of the nanocomposite with 3 % by weight of clay and the PP module is observed at 80 °C and is around 65 %. It is shown that the compatibility of nonpolar and polar polymers controls the crystal structure and thermal properties of the matrix mixture of polymers and can play a dominant role in the thermal-mechanical behavior of nanocomposites based on the partially crystalline polymers.
In paper [18] , the surface of montmorillonite before mixing with PP is modified by a dispersing agent (DAG) with a high molecular weight. It is shown that DAG significantly affects the strength of mechanical properties. Results of the scanning electron microscopy reveal that MMT is dispersed in PP in the form of particles.
As we can see, in most cases, mixing PP with MMT leads to lower mechanical strength of the composite. Although one may note the growth of strength and thermal characteristics during introduction of 3 % by weight of MMT to PP, which is modified by the low-ionized PP [17] .
At the same time, mixing a polar PA with a polar MMT provides increased rigidity and mechanical strength of the composite [19] and substantially increases temperature of the start of destruction [12] .
Authors of article [20] demonstrated that the intercalated nanocomposite is formed during modification of polyamide-6 by nanosilicate.
The nanocomposites PP/PA-6/organomontmorillonite, obtained by the intercalation in melt [10] , have higher strength at stretching and bending, compared to the unfilled PP, which is subsequently reduced with increasing content of a nanofiller. Impact viscosity of nanocomposites is higher than the impact strength of unfilled PP and reaches 9.61 kJ/m 2 . In the presence of organomontmorillonite, the rate of crystallization of PP and PA-6 increases.
Given this, the authors propose a technique for obtaining a nanocomposite based on the mixture PP/PA-6 with enhanced temperature resistance, using the positive effect of PVP and MMT on obtaining a homogeneous mixture [11] and improving temperature characteristics of the composite [12, 17] . For this purpose, it is proposed at first to obtain a nanocomposite based on PA-6 with MMT, which is intercalated by PVP. Next, to obtain a mixture based on PP and the synthesized nanocomposite. It is assumed that the application of MMT, intercalated by PVP, will contribute to the enhancement of thermostability of PA-6. At the same time, PVP, associated with PA-6, will contribute to an increase in the compatibility of polypropylene with polyamide, which will exclude the use of reactive compatibilizers with a complex chemical structure.
The purpose and objectives of the study
The purpose of present study was to investigate, applying the methods of thermogravimetric analysis, a correlation between thermal characteristics of the newly created nanocomposites based on the mixture PP/PA-6 with montmorillonite modified with the help of PVP, and to determine the optimal composition of a nanocomposite with the enhanced temperature resistance and a wide temperature interval of the viscous-fluid state.
To accomplish the goal, the following tasks were set: -to work out a technique for obtaining nanocomposite based on the mixture PE/PA-6 with montmorillonite modified by using PVP;
-to investigate thermal resistance of nanocomposites based on the mixture PE/PA-6 employing the methods of complex thermogravimetric (TGA), differential-thermogravimetric (DTGA) and differential-thermal analysis (DTA); -to determine the actual, suitable for practical application, composition of the mixture of polypropylene with modified polyamide. 
1. Examined materials and research methods used during experiment
In the present work, we used polypropylene (PP), Moplen HF501N mark (The Netherlands), with MFI 230/2.16 = =9.50 g/10 min, thermal resistance 155 о С by Vick, density ρ 20 =0.900 g/cm 3 , bulk density ρ b =0.53 g/cm 3 .
Polyamide PА6-210/310 (Belarus) with MFI 230/2.16 = =19 g/10 min, melting temperature 215 о С, density ρ 20 = =1.12 g/cm 3 , relative viscosity 2.68. Before using, PA-6 was dried under vacuum at 90 о С for 2 hours. As a modifier for polyamide, we used the montmorillonite-polyvinylpyrrolidone mixture (MPM), obtained from the solution in the ultrasound field, with the ratio of components MMT:PVP=1:5 [21, 22] .
To obtain the mixture, polyvinylpyrrolidone (PVP) with a molecular weight of 12600±2700 was used, softening point 140-160 °C, density 1.19 g/cm 3 at 20 °C, which was dried before mixing under vacuum at 60-70 °C for 2-3 hours.
We also used montmorillonite of the mark Fluka from the company SIGMA-ALDRICH with a surface area of 250 m 2 /g and рН 4-5.
Thermal analysis of both the starting components and the compositions based on them was conducted using the derivatograph Q-1500D, connected to an IBM-compatible personal computer. The given device allows simultaneous determining the loss of mass (thermogravimetry -TG), the rate of weight loss (differential thermogravimetry -DTG) and thermal effects (differential-thermal analysis -DTA) for one sample. Research was conducted under dynamic mode in the ambient air. The samples were heated at a rate of 3 ºC/min. A batch was about 200 mg on average. Oxide of aluminum was a reference substance. Derivatographic study of the samples was conducted in a temperature range of 20-600 ºC.
The study objects were: sample 1 -pure PP; sample 2 -the composition PP:(PA-6/MPM)=70:30 agglomerate; sample 3 -PP:(PA-6/MPM)= 0:30 -sample 2 after injection molding; sample 4 -the composition PP:(PA-6/MPM)= =30:70 -agglomerate; sample 5 -PP:(PA-6/MPM)=30:70 -sample 4 after injection molding.
X-ray studies were conducted on the diffractometer DRON-4-07. Emitting lamps with a copper anode and an Ni-filter were used. The study was performed in the region of angles 2θ from 4 to 45θ, the length of measuring step was 0.10, period of pulse measurement 8 s.
2. Working out a technique for obtaining a nanocomposite based on the mixtures of polypropylene with modified polyamide and fabrication of samples for thermogravimetric studies
In order to improve compatibility of montmorillonite with thermoplastic polymers, we previously obtained a mixture of montmorillonite with polyvinylpyrrolidone in the ratio MMT:PVP=1:5, in the form of finely-dispersed powder in line with the procedure described in [21, 22] .
It is known that the technique for mixing and the conditions of the implementation of the process exert a significant influence on the properties of the obtained mixtures. In order to obtain composites with a complex of high operational and technological characteristics, based on polypropylene and modified PA-6, the mixing was conducted in several stages.
At the first stage, a mixture was obtained based on polyamide (PA-6) and MPM in the ratio 90:10 % by weight. By mixing MPM in the melt of PA-6 during 15 min in the plunger-capillary plasticizer (nozzle diameter d=2.095±0.005 mm) at a temperature of 230 °C and a load of 5 kg, we obtained strands, which were ground using a rotary-knife crusher.
At the second stage, the obtained agglomerate was dried under a vacuum at 80 о C and mixed mechanically with polypropylene in the ratios 30:70 and 70:30 % by weight. Next, in the thermoplastic automatic machine Kuasy 32/25, we performed the plastication of the obtained compositions at the following parameters: temperature by the sections of injection cylinder 170, 195, 230 о С, mixing time 4-5 min. The rods were obtained by the intrusion method, which were ground using a rotary-knife crusher.
At the third stage, the samples to be studied were obtained from the received compositions by injection molding, in the form of standard blades, in the thermoplastic automatic machine Kuasy 32/25 at the following optimal technological parameters: temperature in the sections of material cylinder of the molding machine -170, 195, 235 °C; temperature of the molding shape -68-70 °C; pressure of molding -100 MPa; holding time under pressure -6 s; holding time for cooling -25 s.
Results of thermal analysis of the composites based on the mixtures of polypropylene and modified polyamide
Thermolysis of samples 2-5 is conducted at six stages ( Table 1 , Fig. 1 ). At stage 1, in the temperature range of 20-147 ºC, the separation of physically bound water occurs. This process is accompanied by a slight weight loss of the samples and the emergence of not so deep endothermal effects on the DTA curves. Samples 4, 5 have a much larger moisture content, due to the presence in their composition of a large amount of hygroscopic substances (PVP, MMT, PA-6). In the temperature range of 126-164 ºC, at stage 2 of the thermolysis, the DTA curves of the compositions samples start to demonstrate an endothermic effect without a weight loss, which corresponds to the process of material melting (Fig. 1) . This effect is the deepest for samples 2, 3, which are characterized by the higher content of PP, while for sample 4 an extremum of melting endoeffect is not clearly expressed.
At stage 3 of the thermolysis, in the temperature interval of 159-241 ºC, the DTA curves of samples 3-5 exhibit a clearly pronounced exothermic effect occurs (Fig. 1) . This effect indicates, first of all, the intensity of the course of recrystallization processes of polyamide, modified by the montmorillonite-polyvinylpyrrolidone mixture. Crystalline phase of the modified PA-6, according to the results of an X-ray analysis, manifests itself at angles 2θ=20-30º (Fig. 2, a) . Moreover, for samples 3, 5, which have undergone repeated thermal treatment in the thermoplastic automatic machine, extrema of the effects are more intensive. This is explained by the fact that the rapid cooling of a material in the molding shape does not make it possible to form the natural crystal structure of the modified polyamide (Fig. 2, b) . A wide peak of this exoeffect for sample 4 indicates the formation of a supramolecular structure of the low level of organization and the high degree of polydispersity of the supramolecular structure. Additional confirmation of the course of recrystallization processes during thermolysis of the samples that have undergone repeated thermal treatment in the thermoplastic automatic machine are the significant differences in the radiographs of these samples (Fig. 2) . In particular, in the radiograph of sample 3 (Fig. 2, b) , there are no peaks at all at angles 2θ=28.9º, 25.6º, 23.7º, and 21.1º, which are characteristic for sample 2 (Fig. 2, a) . The reaction of PVP oxidation is also not ruled out in this range of temperatures [23] , which is accompanied by a slight weight loss of the samples (Table 1) .
In the temperature interval of 211-349 ºC (stage 4 of thermolysis), there occur the processes of hydrolytic and oxide destruction of PVP and PA-6, which are accompanied by weight loss of the samples and the emergence of endothermic effects on the DTA curves. Samples 2, 3, which contain 30 % by weight of modified polyamide, are distinguished by the higher thermal resistance in comparison with the samples containing 70 % by weight of the modifier. Temperature of the onset of thermo-oxidation destruction of sample 3 is the highest and is within a range of 300 ºC (Fig. 1, b) . The samples of compositions containing the higher amount of modified PA-6 have a lower temperature of destruction, which, however, is higher than that of the sample of pure PP has (temperature of thermo-oxidation destruction of PP is 235 ºC) (Fig. 1, 3) . In the process of (Table 1) . Sample 3 has the highest thermal resistance, which loses only 7.1 % by weight in the process of destruction, in contrast to the rest of the samples of compositions whose weight loss at this stage is 13-15 %. Loss of weight by samples 2 and of pure PP (sample 1), which in this temperature range undergoes thermo-oxidation destruction processes, are almost identical. Samples 4, 5 are distinguished by the highest weight loss (Table 1) . Thus, it is established that by using the mixing of PP with polyamide, which is modified by MPM, it is possible to increase thermal resistance of the composites against thermo-oxidation destruction. Effects of increasing the temperatures of thermo-oxidation destruction of compositions depend on the ratio of components and the method of processing. Such results make it possible to increase considerably the intervals of temperature parameters of the injection molding process under the pressure of the designed composites, which will allow controlling in a wide range the operational properties of products. At stage 5 of the thermolysis of samples 2-5 in the temperature interval 322-471 ºC, there occurs a thermo-oxidation destruction of the hydrolysis products, which is accompanied by intensive weight loss and the emergence of exothermic effects on the DTA curves. Samples 3-5 lose weight less intensively in this region, while the exothermic effects are less intense and shifted to the region of higher temperatures compared to PP and sample 2.
At stage 6 of the thermolysis in the temperature interval 414-600 ºC, there is a combustion of the carbonated residue with the emergence of a clear exothermic effect on the DTA curves.
Thermolysis of the sample of pure PP takes place over 3 stages (Fig. 3) . At stage 1, in the temperature interval 140-70 ºC, there is a process of sample melting without a weight loss. The DTA curve exhibits an endothermic effect with a maximum at temperature 157 ºC. At stage 2 of the thermolysis in the temperature range 230-400 ºC, a thermo-oxidation destruction of the sample occurs with intensive weight loss (Table 1) , which finishes by the combustion of the destruction products. The DTA curves displays an exothermic effect with a maximum at temperature 386 ºC. At stage 3 of the PP thermolysis, in the temperature range 400-600 ºC, a combustion of the carbonized residue takes place, with the emergence of an exothermic effect on the DTA curve with a maximum at 422 ºC.
Discussion of results of thermogravimetric studies into the mixtures of polypropylene with modified polyamide
The regularities of obtaining nanocomposites based on the mixture PE/PA-6 with montmorillonite modified by using PVP were established. In these nanocomposites, PA-6 and MMT contribute to the improvement of thermal resistance of the material, while PVP improves compatibility of the polar PA-6 with a hydrophobic PP.
By analyzing results of the termogravimetric studies, it can be argued that the nanocomposites were obtained on the basis of homogeneous mixtures of PP with the modified PA-6. Homogeneity of the mixtures is confirmed by the presence of one peak on the DTA curves (Fig. 1) , which characterizes the process of polymers melting in the region of temperatures 126-164 ºC.
The nanocomposites obtained are characterized by the enhanced thermal resistance (temperature of the onset of thermo-oxidation destruction is 300 ºC compared with 235 ºC for the starting PP) and a wide region of the viscous-fluid state. Given this, such materials could be used for manufacturing structural products by traditional methods. The nanocomposites developed based on the mixtures of polypropylene and modified polyamide have wider temperature intervals of the viscous-fluid state -126-300 ºC. This makes it possible, by changing the modes of processing, to influence the structure and properties of products, especially taking into account the difference in crystallization of the material depending on the conditions and the method of processing.
Taking into account an analysis of the scinetific literature and the effects of increasing temperature characteristics with a decrease in the amount of modified polyamide (Table 1, Fig. 1 ), the composites are promising that contain lower quantity of polyamide, modified by MPM. Therefore, in the future, we plan to undertake research into similar materials with small additions of the modified polyamide. We worked out a three-stage technique for obtaining homogeneous nanocomposites based on the mixture PP/ PA-6 with montmorillonite modified by PVP, which rules out the use of complex compatibilizers. In the given nanocomposites, PA-6 and MMT contribute to an increase in the thermal resistance of a material, while PVP improves compatibility of the polar PA-6 with hydrophobic PP.
2. In the course of thermogravimetric studies, it was established that the mixtures of polypropylene with polyamide, modified by the montmorillonite-polyvinylpyrrolidone mixture, are distinguished by rather high thermal resistance. The largest thermal resistance (temperature of destruction is 300 ºC) is demonstrated by the composition PP:(PA-6/MPM)=70:30, which underwent repeated thermal treatment in the thermoplastic automatic machine during injection molding. Thus, it is established that by using the mixing of PP with polyamide modified by MPM, it is possible to improve thermal resistance of composites against a thermo-oxidation destruction. Effects of increasing temperatures of the thermo-oxidation destruction of composites depend on the ratio of components and the method of processing.
3. Based on the obtained results, it was established that the mixture of polypropylene with modified polyamide in the ratio 70:30 % by weight, respectively, is the most suitable for application and processing. Composites on the basis of such a mixture are characterized by highest thermal resistance -300 ºC compared with 235 ºC for the starting PP.
